Background: Alu repetitive elements are the abundant sequences in human genome. Diversity of DNA sequences of these elements makes difficult the construction of theoretical patterns of Alu repeats cleavage by restriction endonucleases. We have proposed a method of restriction analysis of Alu repeats sequences in silico.
Background
The human genome includes a substantial amount of interspersed repetitive DNA (about 45%) which is divided into several groups (LINEs, SINEs, LTR retroposons, DNA transposons and others) [1] . The Alu family of DNA repeats, which belongs to SINE group, is one of the most abundant and well characterized repetitive elements. The total number of annotated Alu sequences in the database of human genome is more than 1 million copies and their fraction in genome is about 10% [1] .
Alu repetitive elements were first described about 30 years ago and were named after conserved AluI restriction site (AGCT), which is present in the most of studied members of the family [2, 3] . The Alu repeat sequence is about 300 bp in length and probably originated from the 7SL RNA [4] . The details of Alu repeats retroposition in human genome are still unclear and it is difficult to explain Alu repeats abundance in genomic sequence [5] .
Based on the primary structure Alu repeats were divided into at least 9 subfamilies [6, 7] . The main branches of Alu subfamilies are designated by one of three possible capital letters, which indicate an age of the repeat group ("J" -old, "S" -intermediate and "Y" -young). Additional lowercase letter and occasional numerical symbols define subfamily name. The most representative Alu subfamilies are AluJb, AluJo, AluSq, AluSx, AluSg and AluY [8] . Similarity of Alu nucleotide sequences within each subfamily varies from 80% to 99% [7, 9] and a data base of Alu repeats includes the consensus sequences for some subfamilies [10] . However, quite a big difference in DNA structures between all subfamilies makes difficult a presentation of general Alu repeats consensus sequence covering all subfamilies and there is no such a sequence in Alu repeats database [10] .
Earlier we have proposed a simple method to carry out the restriction enzymes analysis of mammalian DNA in silico based on the known DNA sequences of eukaryotic genomes [11] . This method allows to calculate lengths of all DNA fragments, which are formed after a whole genome digestion at recognition sites of restriction enzyme, and to construct the distribution diagrams of the calculated DNA fragments. These distribution diagrams display distinct peaks of DNA fragments of the definite lengths due to a presence of DNA repeats in eukaryotic genomes. Comparison of the obtained peaks in distribution diagrams and results of rat, mouse and human DNA cleavage by several restriction enzymes has shown a good correspondence of theoretical and experimental data [11] [12] [13] . A detailed study of rat DNA cleavage with restriction enzymes has shown a very good coincidence of DNA digestion patterns in vitro and in silico for more than 25 restriction enzymes [12] . The obtained patterns of chromosomal DNA cleavage exactly correspond to the theoretical patterns of the proposed consensus rat LINE1 repeat cleavage [12] . A similar study of human chromosomal DNA digestion [13] has revealed another situation, where an obtained theoretical pattern of DNA cleavage is formed as a mix of Alu and LINE1 repeats digestion patterns. Most of small DNA fragments are produced from Alu repeats, whereas DNA fragments of length more than 300 bp are formed from LINE1 repeats. In this work we have studied in details Alu repeats digestion in silico. We have described an approach to analyze a big family of human Alu repeats from the data base, which comprises of more than 1 million of homologous short nucleotide sequences. The calculated data have been compared with digestion of subfamilies' Alu repeats and with experimental results of human DNA cleavage by restriction endonucleases, which have been obtained earlier [13] .
A goal of this work is to 1) develop a software for analysis of a big number of Alu repeats, 2) compare the calculation data on cleavage of the whole human genome and a set of Alu repeats, 3) carry out a comparative analysis of experimental results of DNA hydrolysis and theoretical data on various Alu repeats families' digestion and 4) present a physical map of Alu repeats cleavage with 9 restriction enzymes.
Results and discussion
Comparison of distribution diagrams for the whole human genome and the set of Alu repeats Earlier we have shown that mammalian DNAs hydrolysis with restriction enzymes and subsequent DNA products separation in gel-electrophoresis produce cleavage patterns, which mainly correlate to the DNA fragment peaks in distribution diagrams obtained by computer analysis of published genomes [11] [12] [13] . The only exception is -satellite DNA digestion products, which give clearly visible DNA fragments whereas they have no corresponding peaks in diagrams [11] [12] [13] . Unfortunately, the calculation of -satellite DNA cleavage patterns is impossible because of absence of multisatellite DNAs nucleotide sequences in the informational databases.
The existence of peaks in diagrams is explained by the presence of a large amount of repetitive DNA in eukaryotic genomes. Indeed, we have shown that almost all peaks in diagrams of rat genomic DNA digestion in silico correspond to the peaks of rat LINE1 consensus sequence cleavage [12] . The human genome differs from rat genome by a larger proportion of rather short SINE repeats (about 300 bp in length and mainly belonging to Alu family). As a result 30-300 bp DNA fragments in digestion diagrams are formed from Alu repeats and we have provided two distribution diagrams of Alu repeats digestion in our previous work [13] . In this work we have developed software and carried out a detailed analysis of Alu repeats cleavage with restriction endonucleases.
As indicated in "Methods" each nucleotide sequence from more than 1,190,000 annotated Alu repeats sequences has been searched for a presence of recognition sequence of restriction enzymes, a number and positions of these sites in Alu repeat sequences have been determined. Then, Alu repeats digestion diagram, a diagram of the obtained DNA fragments number versus the length of these fragments has been plotted for each recognition sequence.
Earlier we have observed a similarity between distribution diagrams of whole genome and Alu repeats digestion in the case of AluI and Bst2UI recognition sequences [13] . Fig. 1 shows a comparison of distribution diagrams of a whole genome and Alu repeats digestion for recognition sites of 9 restriction enzymes. As it is clearly seen from the figure all peaks of 300 bp and less are present both in diagrams of the whole human genome digestion and in diagrams of the annotated Alu repeats cleavage in silico. Thus, indeed, the corresponding fragments of genomic DNA are formed due to a cleavage of Alu repeats. A cleavage of remaining DNA forms a background curve of a whole genomic DNA digestion. A structure of this background fragments curve depends mainly on GC-content of genomic DNA, enzymes recognition site and has been dis-cussed earlier [12] . On Fig. 1 there are some smaller peaks in whole genome cleavage diagrams. Our analysis has shown that these peaks are formed mainly due to a cleavage of human LINE1 repeat (data not shown).
Alignment and analysis of Alu repeats
Preliminary analysis has shown that Alu repeat sequences differ in length. On Fig. 2 we have presented a diagram of Alu repeats number versus a length of Alu repeats sequences, which are presented in data base. Fig. 2 shows that a big number of Alu repeats shorter than 250 bp are listed in data base. We have made some additions to 5'-truncated short Alu repeats sequences to unify them for a subsequent analysis. As indicated in "Methods" we have aligned all DNA sequences, which originally were 5'-truncated, by adding extra nucleotides at 5'-end of Alu repeats. A total number of all obtained human Alu repeat sequences, which has been considered in a further analysis, is 1,193,407. These aligned Alu repeats are presented at SibEnzyme data base [14] .
At the first step we have plotted a distribution diagram of restriction enzymes recognition sites at every position of Alu repeat for all aligned Alu repeat sequences. Fig. 3 shows these distribution diagrams for restriction enzymes AluI and AsuHPI. As we can see from Fig. 3 there are distinct peaks of RE sites in Alu repeats sequences for AluI and AsuHPI restriction endonucleases as well as for all other enzymes, which we have studied here (see Additional file 1: Distribution diagrams of restriction enzymes' recognition sites in all Alu repeats sequences). For a further analysis locations of the maximal peak's value were chosen as these sites positions. It should be noted that some peaks are very close each to other (a twin peak) due Table 1 shows positions of recognition sites in aligned Alu repeats sequences and a number of sites at these positions in all Alu repeats (a combined value for a number of sites in twin peaks is given in the table). Because of short deletions and/or insertions in many Alu repeats sequences we have applied an approach of each site number determination as follows. Every particular recognition sequence has been searched in the interval ± 5 bp of the position indicated in column 2. In column 3 of Table 1 we have presented a total number of these sites. For the further consideration we have chosen only those sites, which are present at every particular position in more than 100,000 Alu repeats sequences. In Table 1 we have also indicated the percentage of Alu repeats, which contain a given site, and this site distribution within main subfamilies (in %).
Comparison of distribution diagrams
According to Table 1 At the second step we have calculated a number of all DNA fragments produced in the course of Alu repeats digestion at the recognition sites of the enzymes indicated in Table 1 . In "Methods" we have described a special approach to take into account the heterogeneity of Alu repeats because of short deletions and insertions. In calculations of DNA fragments length we have considered an accuracy ± 2 bp for DNA fragments less than 100 bp, ± 3 bp for DNA fragments 100-200 bp and ± 4 bp for DNA fragments more than 200 bp. Due to clustering effect in experiment [12] the intensities of the bands, which correspond to DNA fragments of similar sizes, are summarized on the gel pictures. The bigger fragments are resolved in gel-electrophoresis less effective than smaller fragments. Thus, such an approximation allows us to take into account Alu repeats with possible small deletions or insertions. In Table 2 we have summarized the obtained data.
For each fragment a total number of bp in corresponding peak in diagram has been determined (column 5). Earlier we have shown [11, 12] that visualization of DNA fragments in gel electrophoresis experiments is possible if a total number of bp in peaks in DNA fragments distribution diagrams is about 4,5 million bp and higher. DNA fragments of such size are selected in column 6 of Table 2 . 
Distribution of Alu repeats sequences depending on their lengths
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Comparison of theoretical and experimental data On Fig. 4 we provide a physical map of Alu repeats cleavage by various restriction endonucleases. This map has been constructed based on the data given in Table 2 . Experimental data on chromosomal DNA cleavage [13] are given on a left side of Fig. 4 . There is a good correspondence of the experimental results and the theoretical data, which is discussed in details below.
Alu repeats digestion at recognition sequence AGCT produces 3 DNA fragment: 60 bp, which is produced by cleavage at positions 168 and 228, 49 bp -at positions 168 and 216 and a small fragment 32 bp -at positions 136 and 168. So, we have a common site 168 for all obtained DNA fragments and a different location of the second AluI site. Surprisingly, AluI site at position 216 is present mostly in AluY subfamily. AluY subfamily contains 139,479 sequences and this value is higher than 98,7 thousand of 49 bp fragments given in Table 2 . This difference is, probably, because a great part of AluY sequences have only one AluI site (either at 168 or at 216).
Restriction enzyme AsuHPI has three sites on Alu repeats at 61, 99/101 and 259. However, human DNA cleavage with AsuHPI produces only one band, which corresponds to 158/160 bp DNA fragment (Alu repeats digestion at 99/101 -259) and there is 342 bp fragment of satellite DNA cleavage [15] . AsuHPI site at position 61 is present mostly in AluSx and AluSq subfamilies and the quantities of 61-168 and 61-259 DNA fragments are less than 4,5 million bp and are not visible in gel-electrophoresis experiments [12] . It's interesting to note that AsuHPI site Data are given for all analyzed sequences and for six main subfamilies. * -Positions and numbers of sites which present in more than 30% of Alu repeats are shown in bold. ** -Because of possible overlapping the following regions were considered: 168-177 and 178-187. *** -Because of possible overlapping the following regions were considered: 265-274 and 275-283. at position 99/101 occurs in AluJo subfamily in minimal quantities (2%).
Distribution diagrams of AluI and AsuHPI recognition sites in all Alu repeats sequences
Bpu10I cleaves human DNA with formation of one visible band, which corresponds to 135 bp DNA fragments (46-181 positions in Alu repeats).
As we showed earlier in our calculations [13] a human chromosomal DNA digestion with BssECI produced more than 400 thousand of 50 bp DNA fragment and this is the highest fragments number among all studied distribution diagrams. As indicated in Table 2 a number of 50 bp DNA fragments in Alu repeats digestion at site CCNNGG is 405.6 thousand and this value closely correlates to the data on a whole genome cleavage. In accordance with Table 2 . Surprisingly, more than 270,000 Alu repeats contain DNA sequence CTNAG (recognition site of restriction enzyme BstDEI) at position 47, whereas more than 480,000 Alu repeats contain site CCNNGG (recognition sequence of enzyme BssECI) at the same position. These data show a presence of T and C in position 48 of more than 270 thousand and more than 480 thousand of Alu repeat sequences, respectively. As a result we observe weak bands 48, 108, 117 and 135 bp, which correspond to DNA fragments 182-230, 65-173, 65-182 and 47-182, and 171 bp fragment of satellite DNA cleavage [15] . It should be noted that AluSg and AluY subfamilies practically have no BstDEI site at position 65.
Distribution of all BstMAI sites on Alu repeats is more uniform and these sites are located at positions 79/81, 110/ 112, 270 and 278 in all subfamilies. In accordance with a Table 2 data and a map of Alu repeats cleavage (Fig. 4) 
Conclusion
A method of theoretical analysis of Alu repeats sequences from the database has been proposed in this work. It includes a) a search for restriction enzymes recognition sites in all Au repeats sequences, b) additional alignment of annotated Alu repeats sequences with formation a new set of Alu repeats sequences, c) determination of location of the restriction enzymes recognition sites in a new set of Alu repeats and calculation of a number of these sites in each positions, d) calculation of a number of DNA fragments, which are produced in the course of Alu repeats cleavage at these sites. We also have compared data on sites' distribution among main Alu repeats subfamilies.
There is a definite preference in distribution of some restriction enzymes recognition sequences among different families of Alu repeats, for example, AluI site at position 216 is characteristic for "young" AluY sequences.
Thus, such preference may be used to characterize Alu subfamilies by restriction enzymes analysis. Finally, we have constructed a physical map of Alu repeats cleavage by restriction endonucleases and have shown a good correspondence of theoretical and experimental data.
The suggested method of Alu repeats analysis allows to simplify a study of human DNA digestion with restriction endonucleases considering set of Alu repeats sequences instead of the whole human genomes. Thus, time and efforts, which are necessary for such calculations, may be significantly reduced.
Methods
Nucleotide sequence data
The human genomic DNA sequence was obtained from Ensembl project FTP (version of November 28, 2006) [16] . The complete set of annotated Alu repetitive elements was obtained from the UCSC Genome Browser website using Table Browser service, human genomic assembly hg18 (version of March 2006), "Variation and repeats" group and family name ("Alu") as filter value in "repFamily" field [17] . The set includes 1,193,407 sequences with a total length of ~350 million bp.
Primary analysis has shown that many of these sequences were 5'-truncated. So, for a further analysis and mapping these truncated sequences were aligned as follows. Six consensuses of most abundant Alu subfamilies (AluJb, AluJo, AluSq, AluSx, AluSg and AluY) were used as reference sequences. Each Alu repeat sequence from the complete set was compared to the each consensus sequence starting from different positions. For each Alu repeat sequence a maximal number of coinciding nucleotides with the analyzed Alu repeat subfamily's consensus has been determined and starting position of this sequence has been calculated referring the given consensus sequence. Additional symbols "N" in number, which is equal a starting position -1 nucleotide, have been added to the 5'-end of the analyzed Alu repeat sequence.
Sequence analysis and diagram plotting
The DNA fragments distribution diagrams for a whole human genome digestion at the recognition sites of restriction endonucleases have been obtained in our previous publication [13] . The distribution diagrams for Alu repeats digestion at the recognition sites of restriction endonucleases AluI and Bst2UI have been presented earlier [13] . The DNA fragments distribution diagrams of Alu repeats digestion at the recognition sites of restriction endonucleases AsuHPI, BstSCI, Bpu10I, BssECI, BstDEI, BstMAI and HinfI were constructed according to the previously described technique [11] with some modifications as described below.
The calculation algorithm includes the following steps: i) to load a single Alu sequence from the set of annotated Alu repeat sequences, ii) to perform an optimized search for a definite recognition site within selected Alu repeat sequence; iii) to calculate the distances between nearest recognition sites (lengths of fragments), which have been found. These three steps were repeated for every sequence in the database of annotated Alu repeats sequences. A total number of fragments of each size was summarized for all possible lengths of DNA fragments. The data obtained were exported to a file in CSV (comma separated values) format, where the first number represented the fragment length, the second -a number of the fragments of the indicated length in all Alu set, and the third -a total bp number in all fragments of the same length (column 1 value multiplied by column 2 value). These data were imported to Microsoft Excel table and used to plot diagrams.
Determination of DNA fragments which may be visible on gels A simple computer program has been developed for calculation of number of the sequences, which contain the same recognition sites at two positions corresponding to the peaks in diagrams on Fig. 3 or in the Additional file 1. A complete algorithm includes following steps: 1) the search for a definite recognition site at the first selected region (first peak position ± 5 bp); 2) determination of position for the recognition site next to the first one; 3) calculation of the distance (fragment length) between these neighbouring sites; 4) verification of the distance obtained to the predicted length of DNA fragment in the column 2 of the Table 2 (with accuracy ± 2 bp for fragments less than 100 bp in length, ± 3 for fragments of 100-200 bp in length and ± 4 for fragments more than 200 bp in length); 5) positive results of DNA fragments comparison have been summarized and presented in the column 4 of the Table 2 . The summarized quantities of base pairs in all DNA fragments of the indicated length have been calculated and presented in the column 5 of the Table 2 .
Alu repeats restriction maps construction
For each restriction endonuclease the data on recognition site positions in the set of Alu repeats have been extracted from Table 1 . The data on valuable number of each DNA fragment have been obtained from the Table 2 .
The photographies of gels after electrophoresis of human DNA products digestion with restriction endonucleases have been obtained in our previous publications [11, 13] . puter analysis. VAC carried out a comparison of the obtained results with experimental data on DNA hydrolysis. SKD coordinated the project and prepared the final manuscript. All authors have read and approved the final manuscript.
Additional material
